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Abstract

Background: To enhance the performance of radiotherapy, emerging nanoparticles
that can professionally enhance X-ray irradiation to destruct cancer cells are extremely
necessary. Here, we examined the potential of PEG-coated magnetite copper sulfide
hetero-nanoparticles (Fe;O,@Cus-PEG) as a radiosensitizer agent.

Methods: Fe;0,@Cus-PEG nanoparticles were synthesized and characterized. The
toxicity of nanoparticles on HT-29 colorectal cancer cells was assessed by the MTT
assay. The radio-sensitizing effects of Fe;0,@Cus—PEG nanoparticles on HT-29 cancer
cells were investigated by the MTT and colony formation assays. Moreover, the underly-
ing mechanisms for Fe;0,@Cus—PEG nanoparticles to improve the radiation sensitivity
of cells were evaluated.

Results: The results demonstrated that nanoparticles enhanced the effects of X-ray
irradiation in a dose-dependent manner. The effects of combined treatments (nano-
particles and X-ray radiation) were strongly synergistic. The sensitizing enhancement
ratio (SER) of nanoparticles was 2.02. Our in vitro assays demonstrated that the nitric
oxide production, the intracellular hydrogen peroxide concentration, and the expres-
sion level of Bax and Caspase-3 genes significantly increased in the cells treated with
the combination of nanoparticles and radiation. Whereas, the Glutathione peroxidase
enzyme activity and the expression level of the Bcl-2 gene in the combined treatment
significantly decreased compared to the radiation alone.

Conclusions: Our study suggests that Fe;0,@Cus—-PEG nanoparticles are the prom-
ising nano radio-sensitizing agents for the treatment of cancer cells to enhance the
efficacy of radiation therapy through increasing the reactive oxygen species genera-
tion, nitric oxide production, and inducing apoptosis.

Keywords: Colorectal cancer, Radiosensitizer, lonizing radiation, Copper, Magnetite

nanoparticles

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publi
cdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-7191-5094
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12645-022-00131-0&domain=pdf

Mohammadian et al. Cancer Nanotechnology (2022) 13:25 Page 2 of 21

Graphical Abstract

1) Treatment with nanoparticles 2) Treatment with ionizing radiation 3) Evaluation of treatment effects

o
Control IRGGY) IRUGY) IR(SGy)

Survivet Fraction ()

Background

Colorectal cancer (CRC) is the third most prevalent cancer worldwide and the second
most common cause of cancer death in the United States. It is well-known that sur-
gery, radiotherapy, and chemotherapy are standard treatments for CRC. Meanwhile, the
patients’ 5-year survival rate is about 65% and for patients with metastatic lesions drops
to 12% (Brown et al. 2019; Siegel et al. 2019).

Conventional cancer treatment modalities are associated with their inherent short-
comings. Limitations associated with chemotherapy include systemic toxicity, low
tumor-specific selectivity, short half-life in plasma, and development of multidrug resist-
ance (Minaei et al. 2016; Xie et al. 2020). Moreover, one of the greatest challenges in
radiation therapy (RT) is the side effects of high doses due to considerations of adjacent
healthy tissue radiation tolerance. In addition, radio-resistance of cancer cells is a major
issue in radiation therapy and restricts the therapeutic efficacy of radiation (Schaue et al.
2015; Torres-Roca et al. 2008).

Consequently, it would be significantly important to develop new approaches to
enhance the treatment efficacy. One of the most effective methods is the combination
of radiation therapy with radiosensitizer agents (Huynh et al. 2021; Russell et al. 2021).

In recent years, the application of nanoparticles as radiosensitizers has become a field
that has attracted a great deal of attention. The small size of nanoparticles provides a
selective accumulation within cancer cells due to the enhanced permeability and reten-
tion (EPR) effect that is a tumor characteristic. This selective bio-distribution of nan-
oparticles limits the surrounding normal tissue side effects and enhances the cancer
treatment outcome (Mao et al. 2016; Park et al. 2019).

In the meanwhile, many different types of metal nanoparticles have been reported as
radiosensitizers, such as gold (Huynh et al. 2021; Penninckx et al. 2020), hafnium oxide
(Chen et al. 2016; Maggiorella et al. 2012), copper (Jiang et al. 2018; Liu et al. 2017),
bismuth (Guo et al. 2017; Wang et al. 2016), gadolinium (Delorme et al. 2017; Mi et al.
2015), and iron oxide-based nanoparticles (Nosrati et al. 2021; Russell et al. 2021).

Gold nanoparticles have attracted much attention for dose-enhancing effects because
of their good biocompatibility (Goswami et al. 2017; Song et al. 2016). However, it is
expensive and more doses of gold nanoparticles are required to achieve significant dose
enhancement. To overcome this limitation, we focused on copper and iron oxide nano-

particles for these reasons: they are much cheaper than gold nanoparticles (Huang et al.
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2020), can be used in photothermal therapy, and serve as radiosensitizer agents (Hadi
et al. 2020; Huang et al. 2019; Russell et al. 2021; Rybka 2019).

Copper (in a suitable dose) is an essential trace mineral for survival and it is present
in the structure of human vital enzymes. It is found mostly in the liver, brain, heart, kid-
neys, and skeletal muscles. Copper (Cu) has a basic role in the immune system, energy
production, and maintaining nerve cells. Cu also helps to absorb iron in the body and
works with iron to aid the body make red blood cells (Rosanoff et al. 2012; Wang et al.
2019). A suitable dose of copper has the above benefits, but excessive consumption of
copper is associated with morphological and metabolic changes in tissues. Excessive
accumulation of copper in the tissue can cause various types of diseases (Gupta et al.,
2009).

In radiation therapy, megavoltage ionizing radiation mainly interacts with cells
through Compton scattering, which produces secondary electrons (physical step) (Bin-
jola 2020). Megavoltage ionizing radiation and secondary electrons induce the radioly-
sis of water or other molecules around DNA which generates ROS (chemical step). The
produced ROS lead to the induction of oxidative stress (Schieber et al. 2014), DNA sin-
gle and double-strand breaks, and ultimately cause cell death (biological step) (Desouky
et al. 2015; LaVerne 2000). Therefore, ionizing radiation interacts with DNA and dam-
ages cells directly or indirectly (through ROS).

Therefore, radiation sensitizing nanoparticles capable of generating reactive oxygen
species in the presence of radiation exposure may increase lethal effects caused by radia-
tion and enhance the therapeutic efficiency of RT (Babaei et al. 2014).

Recently, it has been shown that copper nanoparticles can enhance ROS production
after exposure to ionizing radiation and induce autophagy in cancer cells. To overcome
the radioresistance of cancer cells, the induction of autophagy and generation of ROS
may be an effective method (Jiang et al. 2019; Liu et al. 2017).

In addition, superparamagnetic iron oxide nanoparticles (SPIONs) have a wide variety
of properties and applications that make them suitable for use in nano-medicine. They
can be used in magnetic hyperthermia for the treatment of cancer cells, in T2-weighted
magnetic resonance imaging (MRI) as a contrast agent, in targeted drug delivery, in
image-guided radiotherapy (IGRT), and in the presence of ionizing radiation as a radio
enhancer agent through catalyzing the production of ROS in cancer cells (Klein et al.
2012; Sun et al. 2016).

Uncoated nanoparticles are more toxic and have a shorter systemic circulation time
due to reticuloendothelial phagocytosis and renal clearance. Therefore, the modifica-
tion and coating of the surface of nanoparticles with polymers are critical. Many differ-
ent polymers for, example, poly vinyl pyrrolidone (PVP) (Gupta et al. 2005), poly lactic
glycolic acid (PLGA) (Kiamohammadi et al. 2021; Shirvalilou et al. 2020), poly butyl
cyanoacrylate (PBCA) (Ghaferi et al. 2020), and polyethylene glycol (PEG) (Gao et al.
2020) have been reported as biocompatible coatings for nanoparticles. In general, PEG
is an FDA-approved biodegradable hydrophilic polymer that can enhance the structural
and chemical stability of NPs and reduce their cytotoxicity.

Hetero-nanostructures are exhibited stronger radio enhancing effect because of the
synergetic interactions of ionizing radiation with an individual component in hetero-
nanoparticles (Huang et al. 2019; Zhang et al. 2018). Therefore, in the present study, we
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focused on the potential of PEG-coated magnetite copper sulfide hetero-nanoparticles
(Fe;0,@Cus-PEG) to serve as a radiosensitizer agent to enhance the efficacy of radia-
tion therapy. To investigate the corresponding mechanisms for Fe;O,@Cus—PEG nano-
particles to improve the radiation sensitivity of cells, colorectal HT-29 cancer cell lines
were used and subjected to ionizing radiation in the presence or absence of Fe;0,@Cus—
PEG NPs. We then evaluated the cytotoxic effects of different treatments based on the
ROS production level, the nitric oxide concentration, the glutathione peroxidase enzyme
activity, the expression level of apoptosis-related genes, and the cellular metabolic activ-
ity. Moreover, the long-term cytotoxicity of treatments was investigated by the colony
formation assay.

Materials and methods

Materials

Carboxylated polyethylene glycol was purchased from AMINBIC. Ethylene glycol,
FeCl;—6H,0, FeCl,—4H,0O, Sodium thiosulfate pentahydrate (Na,S,0;-5H,0), and cop-
per sulfate (CuSO,) were obtained from Merck Company (Darmstadt, Germany). Dime-
thyl sulfoxide (DMSO) and 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) were purchased from Sigma Company (St. Louis, MO, USA). Penicillin—
streptomycin, fetal bovine serum (FBS), Roswell Park Memorial Institute (RPMI) 1640,
and Trypsin—-EDTA (0.25%) were provided from Gibco (Invitrogen, USA). The nitric
oxide assay kit was obtained from Biocore Diagnostik Company (ZellBio GmbH, Ger-
many). The fluorimetric hydrogen peroxide assay kit was prepared from Sigma-Aldrich
Company (St. Louis, MO, USA). cDNA synthesis kit and SYBR Green qPCR Master Mix
were purchased from Takara company (Takara Bio Inc., Japan). Furthermore, HT-29 cell
lines were obtained from the Pasteur Institute of Iran.

Synthesis of nanoparticles

For preparation of SPIONs (Fe;O,), a solution of FeCl; and FeCl, was prepared in a
molar ratio of 2:1 (FeCl;=3.2442 g and FeCl,=1.2675 g in 25 mL deionized water) and
stirred under an N, atmosphere at 90 °C. In the next step, an adequate amount of 28%
ammonia was added to the solution to the pH of 10. After 30 min stirring, the resultant
product was washed three times with deionized water to remove impurities and then
dried.

0.15 g of magnetite nanoparticles were dispersed in 20 mL of pure ethylene glycol and
stirred at 120 °C. Thereafter, 0.8 g of CuSO, and 1.9 g of Na,S,0,. 5H,0 were added to
the solution, respectively, and refluxed for 90 min at 140 °C. Finally, the formed product
was washed three times with deionized water and then dried.

Carboxylated polyethylene glycol was used to functionalize the surface of nanoparti-
cles. For this purpose, 0.1 g of nanoparticles obtained from the previous step were dis-
persed in 20 mL of deionized water by ultrasound for 60 min. Subsequently, 10 mL of a
solution containing 50 mg of polyethylene glycol carboxyl was added to it and sonicated
for 20 min. Thereafter, the solution was stirred at room temperature for 24 h. Finally, the
resultant product was washed three times with deionized water and dried. The obtained
nanoparticles were stored in dried form.
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Characterization of nanoparticles
The morphology of Fe;O, and Fe;0,@Cus—PEG NPs were characterized by transmission
electron microscope (TEM) (Zeiss LEO906, Jena, Germany) at 100 kV. The mean hydro-
dynamic diameter and size distribution of synthesized nanoparticles were determined
using a dynamic light scattering (DLS) system (Nanoflex, Particle Metrix, Germany).
The X-ray diffraction (XRD) spectra of Fe;O,@Cus NPs were determined using an
D8-advance (Bruker, Germany) powder diffractometer equipped with a Cu Ka radia-
tion source (A =1.54187 A°) and scanned in a range from 20 to 80°.

Biological experiments

Cell culture

The experiments were performed on human colorectal adenocarcinoma (HT-29) cell
line. The cell lines were cultured in RPMI-1640 culture medium, supplemented with
10% fetal bovine serum (FBS) and 1% penicillin—streptomycin, and incubated at 37 °C
in 5% CO,. The experiments were carried out in the logarithmic phase of cell growth.

Analysis of cytotoxicity

3-(4, 5dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay was used
to assess the cytotoxicity of Fe;0,@Cus—PEG NPs on the HT-29 cell lines. The cells at
a density of 8 x 10% cells/well were seeded in a 96 well-plate and incubated in RPMI-
1640 medium at 37 °C in 5% CO, for 24 h. Then, the culture medium was replaced
with one containing different concentrations of Fe;O,@Cus-PEG NPs (0, 0.5, 5,
10, 20, 25, 30, and 40 mg/mL) and incubated for an additional 24 h. After that, the
medium was discarded and 100 uL of MTT solution (5 mg of MTT powder was dis-
solved in 1 mL of PBS) was added to each well and incubated for 4 h. The viable cells
can reduce the tetrazolium salt to formazan crystals, which have a purple color. After
incubation for 4 h, the MTT solution was removed and the formazan crystals were
dissolved with 100 pL DMSO. The relative viability was determined by measuring the
optical density (OD) of samples at 570 nm. This experiment was carried out in tripli-
cate and repeated three times. The percentage of cell viability was calculated accord-
ing to Eq. 1 and plotted as a function of nanoparticle concentrations:

average OD of treated samples

Cell viability (%) = 100
ell viability (%) average OD of untreated samples x .

Moreover, the inhibitory concentration values (IC50 and IC10) of nanoparticles

were calculated based on the dose—response curve using the Compusyn software.

Radiation treatment and radio-sensitivity evaluation of cancer cells
To evaluating the in vitro radio-sensitization effects of the synthesized nanoparticles,
HT-29 cell lines were treated in eight groups: (1) control, (2) Fe;O,@Cus—PEG NPs
(5 mg/mL), (3) 2 Gy X-rays, (4) 4 Gy X-rays, (5) 6 Gy X-rays (6) NPs + 2 Gy X-rays, (7)
NPs + 4 Gy X-rays, and (8) NPs+ 6 Gy X-rays.

After culturing HT-29 cell lines for 24 h (at a density of 10 cells/cm?), the cells were
treated with Fe;0,@Cus—PEG nanoparticles at the concentration of 5 mg/mL. After
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24 h treatment, HT-26 cells were washed three times to remove traces of NPs. Sub-
sequently, the cells were irradiated with 6-MV X-ray photons (200 cGy/min) from a
medical linear accelerator (Siemens, Germany) at doses of 0, 2, 4, and 6 Gy X-rays and
incubated for an additional 24 h.

To evaluate the cytotoxicity effects of various treatments and radio-sensitization
effects of NPs, MTT assay, reactive oxygen species analysis, Nitric oxide (NO) assay,
glutathione peroxidase (GPX) enzyme activity measurement, colony formation analysis,
and quantitative real-time PCR (q-RT-PCR) assay for Bax, Bcl-2, and caspase-3 genes
were performed.

Metabolic assay The effects of various treatments on metabolic activity and cell viability
were assessed by MTT assay. After treating the cells with ionizing radiation or nanopar-
ticles, the cells were incubated for 24 h. Afterward, the culture medium was replaced
with MTT solution and the assay was performed as described in section "Analysis of
cytotoxicity". The activity of NADH-dependent cellular oxidoreductase enzymes reveals
the number of viable cells present.

The long-term cytotoxicity of treatments Cell survival and long-term cytotoxicity of
treatments were quantified using the clonogenic assay. After treatment as described in
section "Radiation treatment and radio-sensitivity evaluation of cancer cells", the HT-29
cells were re-cultured in 60 mm Petri dishes and incubated in the presence of RPMI-1640
culture medium supplemented with 10% FBS for 8 days at 37 °C and 5% CO, humidified
atmosphere.

The number of seeded cells per dish should be appropriate with the type of treatment
to obtain the countable number of colonies. Therefore, the number of cultured cells
for control, Fe;O,@Cus—PEG NPs, 2 Gy X-rays, 4 Gy X-rays, 6 Gy X-rays, NPs+2 Gy
X-rays, NPs+4 Gy X-rays, and NPs+ 6 Gy X-ray groups were 200, 200, 500, 1000, 2000,
1000, 2000, and 4000, respectively.

After 8 days, the cells were fixed with a 2% formaldehyde solution for 15 min and
stained with Crystal Violet for 20 min. The photographic images of Petri dishes contain-
ing colonies were prepared and the number of cell colonies (a group of more than 50
cells) was counted. The plating efficiency (PE) was calculated according to Eq. 2. This
was used to determine the surviving fraction (SF) for each treatment by Eq. 3:

The number of colonies countd

PE (%) = 100 2
%) The number of cell seeded x @

. PE treated

SF= ————
PE control

(3)

Moreover, survival curves were plotted as survival fractions against radiation doses
(alone or combined with NPs) and fitted to the Linear Quadratic Model by OriginPro
software according to the following equation:

SF = expﬂw*ﬁD2 (4)
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where SF is the cell survival fraction, D is the radiation dose (Gy), « is a single hit that
induces double-strand break (DSB) of two chromosomes (linear part of the curve), and
B is double hits that induce DSB of two chromosomes (quadratic part of the curve). The
parameters of a, 8, D10, D37, D50, and SF, were obtained from the curves. D10, D37,
and D50 are doses necessary to reduce the SF of cells to 10%, 37%, and 50%, respectively.
SF2 is the survival fraction of cells at 2 Gy X-rays. The sensitivity enhancement ratio
(SER) is a principal factor to determine the efficacy of radiosensitizer agents. The SER of
Fe;O,@Cus-PEG nanoparticles was calculated using the following equation:
Dso(without sensitizer)

SER =
Dso(with sensitizer) (5)

Cellular ROS measurement To determine the amount of intracellular hydrogen per-
oxides as reactive oxygen species that were generated by X-ray radiation or nanopar-
ticles, the Fluorescent Hydrogen Peroxide assay Kit (Sigma-Aldrich Company) was
used. Master mix solution was prepared according to the kit manual. After 24 h of
cell treatments, 50 pL of the Master mix solution was added into each sample and
the cells were incubated for 30 min at room temperature. Peroxidase substrate gener-
ates a red fluorescent product after reacting with the intracellular hydrogen peroxides.
The fluorescence intensity was measured by a fluorescent microplate reader at 540 nm
excitation and 590 nm emission. The concentration of intracellular hydrogen peroxides
produced by various treatments is proportional to the fluorescence intensity.

Nitric oxide (NO) assay Nitric oxide has a very short half-life, but its content can be
calculated indirectly by measuring concentrations of nitrates and nitrites in biologi-
cal fluids by the nitric oxide assay. According to the kit manual (ZellBio GmbH, Ger-
many), the supernatants of samples were carefully collected and 300 pL of the samples
were added to the related name test tubes. 10 puL R1 reagent was added to each tube
and the tubes were centrifuged. Subsequently, 100 pL supernatants of the tubes and
100 pL standards were transferred into related microwells. 100 pL ready R2, 50 pL
ready R3, and 50 pL ready R4 were added into all wells and incubated for 30 min at
37 °C. Nitrates and nitrites in the solutions can react with the chromogenic agent and
produce a pink compound. The color intensity was measured by the microplate reader
at 540 nm and is proportional to the nitric oxide concentration.

Glutathione peroxidase (GPX) enzyme activity measurement Glutathione Peroxidase
is an anti-oxidant enzyme and catalyzes the reduction of hydrogen peroxide to water
by reducing glutathione. GPX has a key role to protect the cells from oxidative dam-
age. After 24 h of cell treatments, the supernatants of samples were collected and the
GPX enzyme activity was quantified using the ZellBio GmbH assay kit according to the
manual (ZellBio GmbH, Germany). Finally, the yellow color intensity was measured
by the microplate reader at 412 nm and indirectly related to the GPX enzyme activity.

Quantitative real-time polymerase chain reaction (qRT-PCR) analysis To investigate
apoptosis as one of the mechanisms involved in the death of cancer cells, the expres-
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sion of apoptotic-related genes (Bax, Bcl-2, and caspase-3) was evaluated by q-RT-PCR
analysis. Following the treatments, RNA was extracted from cells using a Trisol solu-
tion (Gene all, South Korea) according to the kit manual. Total RNA was reverse tran-
scribed into the single-strand complementary DNA (cDNA) using the Prime Script
cDNA synthesis kit (Takara Bio Inc., Japan). The primer sequences were as follows:

Bcl-2.

F5-CTGTGGATGACTGAGTACCTG-3'

R 5-GAGACAGCCAGGAGAAATCA-3/

Bax

F 5-GACTCCCCCCGAGAGGTCTT-3’

R 5-ACAGGGCCTTGAGCACCAGTT-3’

Caspase-3

F5-TGTCATCTCGCTCTGGTACG-3'

R5-AAATGACCCCTTCATCACCA-3'

Housekeeping gene (GAPDH)

F 5-CAAGATCATCAGCAATGCCT-3'

R5-GCCATCACGCCACAGTTTCC-3.

Real-time PCR was performed on an ABI Plus one system using SYBR® Premix Ex
Taq™ (Takara Bio Inc., Japan). The reaction conditions were pre-denaturation at 94 °C
for 3 min; followed by 40 cycles of denaturation at 94 °C for 10 s, annealing at 59 °C for
30 s, and extension at 72 °C for 20 s. The expression of Bax, Bcl-2, and Caspase-3 genes

was normalized to the housekeeping gene and quantified using the 2722* method.

Combined effect of nanoparticles and ionizing radiation The combined effects of
Fe;O,@Cus-PEG NPs and ionizing radiation (at different doses) were evaluated using
equations established by Ito et al. (Ito et al., 2007). [NP], [IR], and [NP + IR] representa-
tive the percentage of cell viability after treatments with Fe,O,@Cus—PEG NPs, ionizing
radiation, and a combination of nanoparticles with ionizing radiation, respectively. The
combined effects were calculated as follows:

[NP +1IR] < [NP] x [IR]/100, synergistic effect.

[NP +IR] =[NP] x [IR]/100, additive effect.

[IR] < [NP +1IR], if [NP] < [IR], antagonistic effect.

Statistical analysis

All assays were carried out in triplicate and repeated three times. Data were presented
as mean =+ standard deviation (SD). To statistically analyze the data, one-way analysis
of variance (ANOVA) analysis was performed by GraphPad Prism software (version 6).

P<0.05 was considered to be statistically significant.

Results

Characterization of nanoparticles

TEM images of Fe;O, and Fe;0,@Cus—PEG nanoparticles (Fig. 1A, B) demonstrated
that the nanoparticles had semi-spherical morphology. The average size of Fe;O, and
Fe;O,@Cus-PEG nanoparticles were about 15 and 25 nm, respectively, which were
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Fig. 1 Characterization of nanoparticles. Transmission electron microscopic images of A Fe;0,@Cus—-PEG
and B Fe;O, nanoparticles. C Dynamic light scattering result of Fe;0,@Cus nanoparticles, and D X-ray
diffraction pattern of Fe;O,@Cus nanoparticles

measured using standard software (Image J). As illustrated in Fig. 1C, the mean hydro-
dynamic diameter of Fe;0,@Cus—PEG measured using DLS was 31 nm, which was
slightly larger than the size measured by TEM images. This difference can be explained
by the absorption of liquid and the formation of a hydration layer around nanoparticles.

Figure 1D shows the XRD pattern of Fe;O,@Cus nanoparticles. All the diffraction
peaks shown in black at 20 =19.27, 23.62, 30.36, 35.85, 43.63, 53.52, 57.48, and 63.2 are
related to the hexagonal arrangement of iron nanoparticles (JCPDS card NO. 65-3556).
The marked yellow peaks at 20 =28.135, 32.267, and 48.674 correspond to the crystal-
line plan of Cus. The weak diffraction intensity indicates Cus was amorphously placed
on the surface of Fe;O, (Zhang et al. 2017).

Biological experiments

Analysis of cytotoxicity

Before any biological experiments, the MTT assay was used to determine the potential
cytotoxicity effect Fe;0,@Cus—PEG of NPs on the HT-29 cell line. According to Fig. 2,
nanoparticles caused concentration-dependent toxicity in HT-29 cells.

The IC50 and IC10 values for NPs after 24 h treatment were calculated using the Com-
pusyn software and were equal to 22.26 and 5 mg/mL, respectively. According to the
results of MTT assay, 5 mg/mL of Fe;O,@Cus—PEG NPs which induced low toxicity
(about 10%) was chosen for the subsequent experiments.

Radiation treatment and radio-sensitivity evaluation of cancer cells

As mentioned previously, Fe;O,@Cus—PEG NPs are assumed to significantly enhance
the effects of ionizing radiation on cancer cells. To reveal the interactions between nano-
particles and ionizing radiation, the in vitro assays were performed on the treated HT-29
colorectal cancer cells.
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cles. By increasing the absorbed radiation dose, the amount of energy transferred per unit
mass increases. Therefore, the probability of radiation interaction with nanoparticles or
cells increases, which can lead to an increase in the ionization rate, DNA damage, and
ultimately a decrease in cell viability.

The viability of HT-29 cells treated with 2 Gy ionizing radiation was 90.4%+1.2.
Whereas, when cancer cells were treated with nanoparticles before exposure to 2 Gy
IR, the cell viability was significantly reduced to 62.5% £ 2.9 (P<0.0001). In addition, in
the absence of NPs, the cell viability was 71.38% £ 2.2 and 47.5% £ 1.8 under 4 and 6 Gy
X-ray radiation, respectively. However, the cell viability under 4 and 6 Gy IR in the pres-
ence of NPs significantly decreased to 40.3% % 1.8 and 24.6% £ 1.8, respectively.

The effectiveness of combination treatments (X-ray radiation and Fe;0,@Cus—PEG
nanoparticles) was evaluated by the Compusyn software using the combination index
(CI). CI<1, equal to 1, and > 1 represent synergism, additivity, and antagonism, respec-
tively (Rae et al. 2013). The CI values for the combined treatments of Fe;O,@Cus—-PEG
NPs and X-ray radiation at doses of 2, 4, and 6 Gy were equal to 0.88+0.03, 0.73+£0.3,
and 0.67 +0.02, respectively. These results indicated that NPs and ionizing radiation had
synergetic effects on the HT-29 cells.

Moreover, for further investigation, the isobologram curve obtained from the Com-
pusyn software was evaluated for the combination treatment of nanoparticles and differ-
ent doses of X-rays. In the isobologram curve, if points are on the line, the relationship
between nanoparticles and ionizing radiation is an additive effect. In addition, if points
are below or above the line, the interaction between combination treatments is syner-
gism and antagonism effect, respectively. As shown in Fig. 3B, the effects of NPs and IR
at different doses on HT-29 colorectal cancer cells were synergistic, because all points
for different combination treatments in the isobologram curve were below the line of an
additive effect. As can be seen, the results of the isobologram curve were consistent with

the results obtained from the combination index.

The long-term cytotoxicity of treatments To further examine the radio-sensitization
effect of Fe;O,@Cus—PEG NPs, the clonogenic assay was conducted. As depicted in
Fig. 4B, C, the number of colonies and cell surviving fraction decreased with increasing
doses of X-ray radiation (in the absence or presence of NPs). Surviving fractions of NPs-
pretreated HT-29 cells under X-ray radiation were significantly lower than that of ion-
izing radiation alone at the same doses (P<0.0001). The SF of NP-treated cells followed
by 0, 2, 4, and 6 Gy X-ray radiation were equal to 0.9 +0.001 0.56 +0.04, 0.32 £ 0.026, and
0.1540.2, respectively (Fig. 4).

Data obtained from survival curves showed that the presence of nanoparticles under
X-ray irradiation enhanced the damages of cells.

Table 1 shows the extracted parameters from the survival curves fitted to the LQ
model. As illustrated in Table 1, the o parameter increased in the combined group
(NP +1IR) compared to the ionizing radiation alone group, while the  parameter exhib-
ited a reverse tendency and decreased. Compared to X-ray radiation alone, the values of
SF,, Dy D35, and Ds,, parameters decreased during X-rays in the presence of NPs.

The sensitizing enhancement ratio (SER) of Fe;O,@Cus—PEG nanoparticles was
approximately 2.02 which indicates that the presence of nanoparticles doubles the
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treatments. Data were represented the mean =% SD of three independent experiments (****P < 0.0001)

Table 1 Radiobiological parameters of HT-29 cells survival curves fitted to the LQ model

Groups aGy™)  BGy )  SF(Gy)  Dy(Gy)  Di,(Gy)  Ds(Gy)  SER
IRwithout NPs  0.0025 0028 0.89 8.99 589 491 202
IR with NPs 0.27 0.006 057 7.33 342 243

IR: ionizing radiation; NPs: nanoparticles; SER: sensitizing enhancement ratio

damage caused by ionizing radiation. Overall, these results reveal that Fe;O0,@Cus—PEG
NPs have a significant radio-sensitization potential on HT-29 colorectal cancer cells.

Cellular ROS measurement Figure 5A illustrates the concentration of hydrogen perox-
ides in HT-29 cancer cells treated with Fe;0,@Cus—PEG NPs and different doses of X-ray
exposure. Obtained results of H,O, generation in the cells treated with 5 mg/mL nano-
particles (in the absence of ionizing radiation), showed no significant ROS production in
comparison with the control sample (P> 0.05).

HT-29 cells receiving both Fe;O,@Cus—PEG NPs and ionizing radiation (at all
doses) had a significant increase in the level of H,0, concentration compared to
the cells treated with the ionizing radiation alone (P<0.0001). Furthermore, when
NPs-treated cells were exposed to X-ray irradiation, the H,O, concentration level
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Fig.5 Effects of ionizing radiation (IR) with or without Fe;0,@Cus—PEG nanoparticles on HT-29 colorectal
cancer cells in A H,0, concentration, B nitric oxide (NO) concentration, and C glutathione peroxidase
(GPX) enzyme activity. Data were represented the mean & SD of three independent experiments. Statistical
significance was showed with *P<0.05, **P<0.01, ***P<0.001, and ****P <0.0001, respectively

increased with increasing the radiation doses. These data demonstrated that Fe;O,@
Cus—PEG NPs in the presence of X-ray irradiation could significantly increase the
intracellular H,O, (as a ROS) generation.

Nitric oxide (NO) assay Nitric oxide is a critical radical responsible for the balance
between oxidants and antioxidants of each cell. Intracellular NO level was assessed using
the NO colorimetric assay and the results are shown in Fig. 5B. As can be seen, there was
no significant difference between the NPs-treated and untreated cells (P> 0.05). Relative
to untreated cells, the NO level increased by 3.83, 4.68, and 7.14-fold for the cells treated
by 2, 4, and 6 Gy ionizing radiation, respectively. In addition, pretreatment of HT-26 cells
with Fe;O0,@Cus—PEG NPs followed by 2, 4, and 6 Gy X-ray radiation showed a 5.45,
6.53, and 8.54-fold increase in NO level compared to the control sample, respectively. In
particular, the assay proved that the intracellular NO level was significantly elevated by
the combination of Fe;0,@Cus—PEG NPs and ionizing radiation.

Glutathione peroxidase (GPX) enzyme activity measurement The results of the Glu-
tathione peroxidase enzyme activity are shown in Fig. 5C. The GPX enzyme activity
in HT-29 cells treated with 0, 2, 4, and 6 Gy ionizing radiation was equal to 29+1,
23+1,18.67+0.5,15.67 £ 1.1, respectively. Whereas, GPX enzyme activity reduced to
254+1.01,17+1.15,11.83 +1.04, and 7 £ 0.98, respectively in the cells treated with the
combination of Fe;O,@Cus—PEG NPs and X-rays (at the same doses).
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In our study, H,O, as a main component of oxidative stress mediator were up-regu-
lated in the cells treated with ionizing radiation in the presence of nanoparticles. Excess
ROS stress produced in cancer cells can affect the antioxidant capacity of cancer cells
and reduce the activity level of antioxidant enzymes (such as glutathione peroxidase
enzyme) and thereby disrupt the redox homeostasis in cancer cells (Hauser et al. 2016).

From our results, HT-29 cells treated with nanoparticles and X-rays manifested a
remarkable reduction in the level of GPX enzyme activity compared to the group treated
with the X-ray radiation alone (P<0.0001).

Quantitative real-time polymerase chain reaction (qRT-PCR) analysis To better under-
stand the mechanisms of X-ray and nanoparticles, the mRNA expression levels of the
apoptotic-related genes (Bax, Bcl-2, and caspase-3) were evaluated using the qRT-PCR
analysis. As illustrated in Fig. 6A, the mRNA expression level of Bax and caspase-3 genes
increased in an X-ray dose-dependent manner, whereas the expression level of Bcl-2 gene
decreased. Fe;O,@Cus—PEG NPs at the concentration of 5 mg/mL did not change signifi-
cantly the mRNA expression levels of Bax, caspase-3, and Bcl-2 genes in comparison with
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the control sample (P> 0.05). Figure 6A shows that HT-29 cells treated with Fe;O,@Cus—
PEG nanoparticles and ionizing radiation (at all doses) had a significant increase in the
expression levels of Bax and caspase-3 genes and a notable decrease in the Bcl-2 mRNA
expression compared to the cells treated with ionizing radiation alone (P<0.0001). For
example, the expression levels of Bax and caspase-3 in the cells treated with NPs+ 6 Gy
X-ray increased by 2.38 and 3.32-fold compared to the X-ray alone groups, respectively
(P<0.0001). Inversely, the combination of 6 Gy X-ray with NPs decreased the Bcl-2
expression level by 2.86-fold.

In the stimulation of the intrinsic pathway of apoptosis, the Bax/Bcl-2 mRNA ratio
is the prominent characteristic. Therefore, the results of the Bax/Bcl-2 mRNA ratio
in different groups are shown in Fig. 6B. The Bax/Bcl-2 mRNA ratio increased with
increasing doses of X-ray radiation. The Bax/Bcl-2 mRNA ratios in the cells treated
with 2, 4, and 6 Gy X-rays were equal to 1.36 £0.11, 2.2+ 0.07, and 3.5+ 0.28, respec-
tively. While these ratios in the NPs-treated cells followed by 2, 4, and 6 Gy X-ray sig-
nificantly increased to 5.26 £0.7, 10.87 £ 0.9, and 23.3 £ 1.35, respectively.

These results revealed that the apoptotic pathway and the expression of apoptotic-
related genes may have a key role in the Fe;O0,@Cus—PEG nanoparticles radiation
dose enhancement effects.

Combined effect of nanoparticles and ionizing radiation To further investigate whether
the Fe;O,@Cus—-PEG nanoparticles combined with ionizing radiation had a synergistic
effect on the cell viability measured by the MTT assay and the long-term viability deter-
mined by the clonogenic assay, the equations established by Ito et al. were used (Ito et al.
2007). As illustrated in Table 2, the MTT assay showed that the values of [NP 4 IR] and
[NP] x [IR] were equal to 62% and 81.4% for 2 Gy X-ray, 41.1% and 65.2% for 4 Gy X-ray,
and 25.1% and 42.9% for 6 Gy X-ray, respectively.

In addition, the survival fractions calculated for [NP + IR] were significantly lower
than that of [NP] x [IR] at all doses of X-ray radiation (P<0.0001). The results of the
colony formation assay were consistent with the results of the MTT assay. These data
revealed that the evaluated cytotoxicity effects of the combined treatment of Fe;0,@
Cus—PEG nanoparticles and X-ray radiation were strongly synergistic.

Table 2 Analysis of the combined effect of Fe;0,@Cus-PEG nanoparticles and ionizing radiation.
The values were represented by the mean = SD of three independent experiments

Dose Based on the MTT data Based on the colony data

[NP-+IR] [NP] x [IR]/100 Pvalue [NP+IR] [NP] x [IR]/100 Pvalue
2 Gy 62+1 814+1.1 0.0001 56+26 802453 0.0001
4Gy 41.14+13 652+035 0.0001 31.6+2.1 56+£047 0.0001
6 Gy 251+£14 429+£37 0.0001 15+2 32247 0.0001

[NPJ, [IR], and [NP +IR] represent the percentage of cell viability or survival fraction after treatments with Fe;0,@Cus-PEG
NPs, ionizing radiation, and combination of nanoparticles with ionizing radiation, respectively
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Discussion

Radiotherapy is one of the most effective modalities for cancer therapy. The ionizing
radiation dose is a critical limitation in radiotherapy treatment because of the damage to
normal surrounding tissues. The physicochemical characteristic of nanoparticles makes
them exceptional agents in different aspects of medicine to overcome some of the draw-
backs (Her et al. 2017; Schaue et al. 2015).

In this study, we synthesized biodegradable Fe;O,@Cus—PEG nanopatrticles as a radio-
sensitizer agent to improve the efficacy of ionizing radiation and reduce its side effects.

TEM images confirmed the semi-spherical shape of nanoparticles. Hydrodynamic
diameter of nanoparticles was 31 nm. The small size of nanoparticles allows them to
selectively enter cancer cells and accumulate there through the enhanced permeability
and retention effect (Kulkarni et al. 2013).

The cytotoxicity analysis of Fe;0,@Cus—PEG NPs using the MTT assay showed that
nanoparticles induced dose-dependent toxicity. Magnetite nanoparticles at high doses
can increase the generation of malonaldehyde and reactive oxygen species in cells. In
addition, it leads to oxidative damage to DNA and apoptosis (Su et al. 2018; Watan-
abe et al. 2013). In addition, cell treatment with copper at high doses is associated with
abnormalities and morphological changes that can cause cell death (Gupta et al. 2009).

So, cell treatment should be done with a concentration of nanoparticles that has low
toxicity effects on cells. Therefore, the IC10 value of NPs was chosen for the treatment of
HT-29 cells. The copper spinel ferrite superparamagnetic nanoparticles (CuFe204 SPM-
NPs) were synthesized by Meidanchi et al. (2021). The cytotoxicity of nanoparticles was
evaluated using the MTT assay. According to the results, the viability of MCF-7 cells
after 4 h treatment with nanoparticles at the concentrations of 1, 10, and 100 pg/mL was
equal to 87.6, 85.5, and 64.4%, respectively. Whereas, in our study, the observed toxicity
for Fe;0,@Cus—PEG nanoparticles at the concentration of 5 mg/mL after 24 h treat-
ment was 90%. This indicates that the cytotoxicity of the synthesized NPs in our study
was remarkedly lower than that of NPs synthesized by Meidanchi et al.

In this study, the efficacy of Fe;O,@Cus—PEG NPs to improve the effects of ionizing
radiation on cancer cells was evaluated using various analyses. As depicted in Fig. 3A,
NPs-treated cells under X-ray exposure showed a significant reduction in cell viability as
compared with the ionizing radiation-treated cells which indicate the radio-sensitizing
effects of Fe;0,@Cus—PEG NPs. Meidanchi et al. (2020) showed that Mg(1-x)CuxFe204
SPMNPs with x=0.6 at the concentration of 1 ug/mL and x=0.2 at the concentration of
10 pug/mL could act as a radiosensitizer agent and enhance the effects of 2 Gy ionizing
radiation on MCEF-7 cells.

The results of the MTT assay were evaluated by Compusyn software. The CI val-
ues and isobologram curve (Fig. 3B) obtained from the Compusyn software demon-
strated that the combined treatments of Fe;O,@Cus—PEG NPs and X-ray radiation
(at all doses) had a synergetic effect on the HT-29 cancer cells. These results proved
the advantages of our synthesized nanoparticles in combination with ionizing radia-
tion. Huang et al. examined the radiosensitizing effects of heterogeneous copper sele-
nide—gold nanoparticles (CSA) in the presence of megavoltage X-ray radiation (at
different doses of 0, 2, 4, 6, and 8 Gy). Their results demonstrated that the interac-
tion between CSA nanoparticles and radiotherapy + laser was synergistic and the data
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points in the isobologram curve were under the line of additive effect (Huang et al.
2019). Whereas, we obtained the same results only with the copper sulfide superpara-
magnetic nanoparticles and ionizing radiation.

The cell survival curves and Fig. 4A showed that the proliferation of Fe;O,@Cus—
PEG NPs-treated HT-29 cells was significantly inhibited under X-ray exposure com-
pared to the cells treated with the same doses of ionizing radiation (P <0.0001) which
represent the efficacy of the synthesized nanoparticles as a radiosensitizer agent.
The SER obtained by Dy, was 2.02 that indicating the toxicity of ionizing radiation
enhances about 2 times in the presence of Fe;O,@Cus—PEG NPs. The sensitivity
enhancement ratio of copper selenide—gold nanoparticles calculated by Huang et al.
was 1.6 (Q. Huang et al. 2019). Zhang et al. treated the U251 cells with the Fe;0,@
Ag nanoparticles and then exposed them to X-ray radiation at doses of 0, 2, 4, 6,
and 8 Gy. In their study, the obtained SER value for Fe;O,@Ag NPs was equal to 1.8
(Zhang et al. 2018). The sensitivity enhancement ratio of our nanoparticles was higher
than that of these studies which indicates that the hybrid of copper sulfide and Fe;0,
NPs have the significant ability to improve the radiosensitivity of cancer cells.

Given that Table 1, the a parameter in the combined treatment (NP + IR) signifi-
cantly increased in comparison with the single treatment (IR), while the (3, SF,, Dy,
D,,, and Dy, parameters showed a reverse trend and decreased. These findings were
in line with other studies (Yi et al. 2018; Zangeneh et al. 2019). As shown in Fig. 4B,
the survival curve appeared linearly for the cells treated with nanoparticles and ioniz-
ing radiation. The presence of Fe;O,@Cus—PEG NPs under X-ray radiation increases
the amount of lethal damages and decreases the sub-lethal damages, which lead to
the a and [ parameters increase and decrease, respectively. Therefore, the shoulder
region of the survival curve disappears and the curve becomes more linear (Hall et al.
20006).

As displayed in Table 2, the dominant synergistic effects were observed for the com-
bined treatments of HT-29 colorectal cancer cells and the results were in complete
agreement with the results of isobologram curves and combination index. Fe;O,@Cus—
PEG NPs were successfully used to enhance the effects of X-ray exposure on HT-29 cells.

The radiosensitizing effects of nanoparticles may be due to two factors: (1) the phys-
ical dose enhancement because of the increased production of high-energy second-
ary electrons through Compton interaction. The predominant interaction between 6
MYV X-ray photons and copper sulfide or iron nanoparticles is Compton scattering
(Alkhatib et al. 2009; McMahon et al. 2011) (2) the improvement of biological effects.

Iron oxide and copper nanoparticles can increase the intracellular ROS production
by the Haber—Weiss and Fenton reaction (Huang et al. 2019; Klein et al. 2012). Jiang
et al. revealed that the ROS production increased by the copper oxide nanoparticles
(CuO NPs) under X-ray ionizing radiation (Jiang et al. 2019). Moreover, the radiosen-
sitizing effect of copper sulfide and iron oxide NPs can be attributed to the increased
apoptotic death (Liu et al. 2017; Zhang et al. 2018).

To understand the mechanisms involved in the radiosensitizing effects of Fe;O,@
Cus—PEG NPs, the concentration of intracellular nitric oxide and hydrogen perox-
ide, the activity of Glutathione Peroxidase as an antioxidant enzyme, and the mRNA
expression levels of the apoptotic-related genes were assessed.
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The Bax/Bcl-2 mRNA ratio has an outstanding role in the initiation of the intrinsic
pathway of apoptosis when its ratio increases. Results illustrated that the addition of
Fe;O,@Cus—-PEG NPs to the HT-29 cells in the radiotherapy treatment at the doses of 2,
4, and 6 Gy increased the Bax/Bcl-2 ratio by 3.87, 4.9, and 6.6-fold, respectively (Fig. 6B).
Our in vitro studies demonstrated that synthesized nanoparticles induced dose-depend-
ent cell death in HT-29 colorectal cancer cells through apoptosis.

Our in vitro colorimetric assays demonstrated that the nitric oxide production and the
intracellular hydrogen peroxide concentration significantly increased in the cells treated
with the combination of radiation and nanoparticles (Fig. 5A, B). However, the GPX
enzyme activity in the combined treatment groups significantly decreased compared to
the radiation alone (Fig. 5C). The GPX enzyme activity in the NP-treated cells followed
by 6 Gy X-ray radiation decreased by 2.2-fold in comparison with the 6 Gy ionizing radi-
ation alone (P <0.0001).

These results indicate that in the combined treatments, the oxidative stress increases
that can lead to redox disequilibrium and increases the generation of ROS and nitric
oxide. This can overcome the antioxidant defense capacity of the cells and ultimately
increase the apoptotic death of cancer cells.

Conclusions

Fe;O,@Cus-PEG nanoparticles were synthesized and characterized. These nano-
particles enhanced the effects of 6 MV X-ray irradiation in a dose-dependent manner
and increased the toxicity of ionizing radiation by about 2 times. Nanoparticles could
enhance X-ray irradiation to destruct HT-29 cancer cells by increasing ROS genera-
tion, nitric oxide production, inducing apoptosis, and decreasing Glutathione peroxi-
dase enzyme activity. Collectively, this study suggests that Fe;O,@Cus—PEG NPs can be
used as a promising nano radio-sensitizing agent and the effects of X-ray radiation in the
presence of nanoparticles were strongly synergistic.
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